The ultrastructure of the mature spermatozoon and the spermiogenesis of a cestode belonging to the family Metadilepididae is described for the first time. The mature spermatozoon of Skrjabinoporus merops is characterized by twisted peripheral microtubules, the presence of a single crested body, periaxonemal sheath and electron-dense rods, and the absence of intracytoplasmic walls and inclusions (glycogen or proteinaceous granules); no peripheral microtubules where nucleus contacts the external plasma membrane. Four morphologically distinct regions of the mature spermatozoon are differentiated. The proximal part (Region I) contains a single crested body, periaxonemal sheath is absent in some (proximal) sections and is present in others situated closer to the nucleus. The central Region II is nucleated, and is followed by Region III that contains a periaxonemal sheath. The distal pole, Region IV, is characterized by disintegration of the axoneme. Spermiogenesis follows the type III pattern (Bâ and Marchand 1995) although in S. merops a slight flagellar rotation is observed. The differentiation zone is characterized by the absence of striated roots and intercentriolar body; two centrioles are present, one of which gives rise to a free flagellum. The latter rotates and undergoes proximodistal fusion with the cytoplasmic protrusion of the differentiation zone. Spermiological characters of S. merops are similar to those of the families Taeniidae and Catenotaeniidae. The mature spermatozoon differs from those of the Dilepididae (where the metadilepidid species have previously been classified) by the lack of glycogen.
Introduction
Data on the ultrastructure of spermiogenesis and the mature spermatozoon are currently widely used in phylogenetic analyses of cestodes, especially for revealing interrelationships at the ordinal level (Justine 1991 (Justine , 1998 (Justine , 2001 Bâ and Marchand 1995; Hoberg et al. 1997; . Presently, a significant amount of information is accumulating on spermiological characters of members of the order Cyclophyllidea. In recent literature, this order has been subdivided into 15 families (Jones et al. 1994) . The available spermiological data include species belonging to 9 of them. Most of these species (15) belong to the family Anoplocephalidae (see Miquel et al. 2004 Miquel et al. , 2005a . Within this family, a distinction using spermiological data can be made between subfamilies (Justine 1998). The other data from cyclophyllideans include: Catenotaeniidae -Catenotaenia pusilla and Skrjabinotaenia lobata (see OEwiderski 1970 ; Taeniidae -Echinococcus granulosus, E. multilocularis, Taenia hydatigena, T. mustelae, T. parva, T. solium and T. crassiceps (see Morseth 1969; Featherston 1971; Shi et al. 1994; Miquel et al. 2000; Ndiaye et al. 2003a; Willms et al. 2003 Willms et al. , 2004 ; Mesocestoididae -Mesocestoides litteratus (see Miquel et al. 1999) ; Nematotaeniidae -Nematotaenia chantalae (see Mokhtar-Maamouri and Azzouz-Draoui 1990) ; Hymenolepididae -Retinometra serrata, Hymenolepis nana, H. straminea, Vampirolepis microstoma and Echinocotyle dolosa (see Bâ and Marchand 1992a , 1993 , 1998 Bâ et al. 2002) ; Davaineidae -Raillietina tunetensis, R. baeri and Paroniella reynoldsae (see Bâ and Marchand 1994c; Bâ et al. 2005a, b) ; Dipylidiidae -Dipylidium caninum, Joyeuxiella echinorhynchoides and J. pasqualei (see Miquel and MarchSkóra Stefañski DOI: 10.2478/s11686-006-0031-7
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Figs 1-8. Ultrastructure of the mature spermatozoon of Skrjabinoporus merops. 1. Longitudinal section through the proximal Region Ia showing the apical cone (Ac) and the crested body (Cb). Scale bar = 0.1 µm. 2. Longitudinal section through the nucleated Region II with the nucleus (N) twisted around the axoneme. Scale bar = 0.2 µm. 3. Transition from Region II to Region III that contains only the periaxonemal sheath and no nucleus. Scale bar = 0.2 µm. 4. Anucleated Region III of the spermatozoon. Sections at the level of the periphery show twisting of cortical microtubules (Cm) at an angle of approximately 30-40° to the axoneme. Scale bar = 0.2 µm. 5. Cross-sections showing two types of substructure of Region I. Region Ia contains cortical microtubules and axoneme, the crested body is electron-dense. Region Ib contains also a periaxonemal sheath; the crested body is inwards delimited by a membrane, which, together with the periaxonemal sheath internal plasma membrane, forms an electron-transparent triangular area (arrow). A similar, though smaller triangular area (arrow-pointed) is also visible in a section from Region II containing the nucleus. Scale bar = 0.2 µm. 6. Cross-sections through Regions II and III. Arrows point to electrondense rods that connect the internal border membrane of the periaxonemal sheath and the cortical microtubules. Scale bar = 0.1 µm. 7. Crosssections through Region II. Where the nuclei approach the external plasmalemma, no cortical microtubules are present (arrows). Scale bar = 0.2 µm. 8. Cross-sections through the sperm distal terminus, Region IV. Presence of axoneme but absence of cortical microtubules (IVa), absence also of the axoneme central core unit (IVb) and disintegration of doublets (IVc) are shown. Scale bar = 0.1 µm and 1997; Miquel et al. 1998 Miquel et al. , 2005b Ndiaye et al. 2003b) ; Dilepididae -Molluscotaenia crassiscolex and Dilepis undula (see Tkach 1996, OEwiderski et al. 2000) . This already significant database identifies sperm characters that may be useful for phylogenetic analysis at the family level, e.g. number and structure of crested bodies, presence/absence of periaxonemal sheath, periaxonemal sheath fortified by electron-dense rods or intracytoplasmic walls and presence/ 202 Stanis³a Zdzis³aw Figs 9-14. Earlier stages of spermiogenesis of Skrjabinoporus merops. 9. Transverse section through the differentiation zone showing the arching membrane (Am), the cytoplasmic protrusion (Cp) and two centrioles (Ce1 and Ce2) perpendicular to each other. Ce1 (in longitudinal section) is in close contact with the plasma membrane of the cytoplasmic protrusion, and Ce2 is inside the differentiation zone. Scale bar = 0.1 µm. 10. One of the centrioles, Ce1, initiates the formation of a flagellum. Inside the differentiation zone microfilaments (Mf) are present. Scale bar = 0.3 µm. 11. Section through the differentiation zone at the level of the free flagellum (F). Scale bar = 0.2 µm. 12. The free flagellum is almost parallel to the cytoplasmic protrusion of the differentiation zone. Scale bar = 0.2 µm. 13. Cross-sections illustrating flagellar fusion. Free flagella (arrow), cytoplasmic protrusions lacking axoneme (single aster) and cytoplasmic protrusions already fused with the flagellum (double aster) are visible. Scale bar = 0.2 µm. 14. A nucleus, still not condensed, approaching the differentiation zone after axoneme (Ax) and cytoplasmic protrusion have fused. Scale bar = 0.4 µm absence of inclusions such as glycogen or proteinaceous granules. The spermiogenesis of cestodes has recently been subdivided into four distinct types, two of them (Type III and Type IV) occurring in cyclophyllideans (Bâ and Marchand 1995) . Morphological variation within these types may include the presence/absence and structure of striated roots (Justine 2001) as well as the presence/absence of an intercentriolar body (presence registered in M. litteratus, see Miquel et al. 1999) . The variations observed among the species examined so far necessitate the collection of additional data on more members of the examined families as well as species belonging to families for which data are absent.
There are no data on sperm ultrastructure of species of the family Metadilepididae. The aim of the present study is to describe the ultrastructure of the spermiogenesis and the mature spermatozoon of a metadilepidid cestode species, Skrjabinoporus merops. (Woodland, 1928 ) Spasskii et Borgarenko, 1960 were collected from a naturally infected bird Merops apiaster (Coraciiformes, Meropidae) caught near the village of Krapec, Bulgarian Black Sea coast. Fragments of strobila consisting of mature and postmature proglottids were fixed for 4 h, 0-4°C, in 4% glutaraldehyde in 0.2 M sodium cacodylate buffer at pH 7.2, rinsed in a 0.2 M cacodylate buffer, post-fixed in cacodylate-buffered 1% OsO 4 for 1 h, 0-4°C, dehydrated in a graded ethanol series and propylene oxide and embedded in Durcupan, oriented in flat embedding molds. Semithin sections stained with toluidine blue were prepared to select appropriate areas containing testes or seminal ducts. Ultrathin sections were cut on Ultratome LKBIII and stained with uranyl acetate and lead citrate. The examinations were done on JEOL 1200 EX electron microscope operated at an accelerating voltage of 80 kV.
Materials and methods

Specimens of Skrjabinoporus merops
Results
Spermatozoon
The mature spermatozoon of S. merops can be subdivided into four main regions 5 ). The cross-sections through this portion illustrate changes in the crested body structure with the appearance of a membrane-bound electron-lucent area inwards to the peripheral microtubules and outwards to the limiting membrane of the periaxonemal sheath. This area may probably represent a transition zone between Region I and the nucleated Region II, since a similar though smaller membrane-bound area is present on some sections containing the nucleus (arrow-pointed in section II, Fig. 5 ). Region II contains the nucleus, which is spirally coiled around the axoneme (Fig. 2) . This area contains also a periaxonemal sheath (Figs 6 and 7) . The structure of the periaxonemal sheath is enforced by electron-dense filamentous rods that connect its internal limiting membrane with peripheral microtubules (Fig. 6 ). Where the nucleus approaches the external plasma membrane, no peripheral microtubules are present (Fig. 7) .
Region III contains only a periaxonemal sheath (Figs 3 and 6). The distal extremity, Region IV (Fig. 8) , is characterized by absence of peripheral microtubules and gradual disintegration of the axoneme -disappearance of the central core unit followed by disintegration of doublets (Fig. 8) .
Throughout the length of the spermatozoon, peripheral microtubules are twisted at an angle of approximately 30-40°t o the spermatozoon longitudinal axis (Fig. 4) .
Spermiogenesis
Spermiogenesis in S. merops begins with the formation of a differentiation zone at the periphery of early spermatids. It is represented by a cytoplasmic protrusion delimited proximally by arching membranes and bordered by submembranous cortical microtubules.
The differentiation zone contains two centrioles perpendicular to each other (Fig. 9) . No intercentriolar body and striated roots were observed. Microfilaments are present in this area (Fig. 10) . One of the centrioles gives rise to a free flagellum (Fig. 11) . The free flagellum rotates slightly and fuses proximodistally with the cytoplasmic protrusion (Fig. 12) . The presence of fusion at this stage of spermiogenesis is also illustrated in cross-sections where single flagella and cytoplasmic protrusions devoid of axonemes occur together with cytoplasmic protrusions containing axoneme (Fig. 13) . Parallel with the fusion process, the cortical microtubules of the differentiation zone become twisted.
The nucleus migrates to the spermatid periphery (Fig. 14) , elongates and penetrates into the differentiation zone. This is illustrated longitudinally and on cross-sections (Figs 15 and  16) .
The end of spermiogenesis is marked morphogenesis of the proximal end of the spermatozoon containing the crested body, and detachment of the mature spermatozoon from the residual cytoplasm (Fig. 17) .
Discussion
Spermatozoon
The generally accepted sperm characters interpreted until now as synapomorphies for the eucestodes are the absence of mitochondria in mature sperm (Justine 1991) and the presence of one or more helical crested bodies (Bâ and Marchand 1995) . Justine (2001) suggested two synapomorphies for Cyclophyllidea + Tetrabothriidea: the presence of twisted peripheral microtubules and the presence of periaxonemal sheath. The validity of the latter character as a synapomorphy may be questioned by the data on the anoplocephalid cyclophyllideans Anoplocephaloides dentata (see Miquel and Marchand 1998a) , Aporina delafondi (see Bâ and Marchand 1994a) , Moniezia benedeni (see Bâ and Marchand 1992c) , Moniezia expansa (see OEwiderski 1968, Bâ and Marchand 1992c) , Monoecocestus americanus (see MacKinnon and Burt 1984) , Paranoplocephala omphalodes (see Miquel and Marchand 1998b) , Sudarikovina taterae (see Bâ et al. 2000) , Avitellina centripunctata (see Bâ and Marchand 1994b) , Thysaniezia ovilla (see Bâ et al. 1991) and Gallegoides arfaai (see Miquel et al. 2004) , whose spermatozoon lacks a periaxonemal sheath. This, once again, emphasizes the necessity of examinations of more diverse cyclophyllidean species.
One character taken into account in eucestode spermiology is the number of crested bodies. It varies between cyclophyllidean species from 1 to 12 Marchand 1995, 2000; Justine 1998 ). In S. merops, one crested body is present in Region I. With regards to this, it resembles the species of Taeniidae, Dilepididae and Dipylidiidae -Taenia mustelae (see Miquel et al. 2000) , T. parva (see Ndiaye et al. 2003a) , T. solium (see Willms et al. 2003) , T. crassiceps (see Willms et al. 2004) , Dilepis undula (see OEwiderski et al. 2000) , Dipylidium caninum (see , Joyeuxiella echinorhynchoides and J. pasqualei (see Ndiaye et al. 2003b) as well as several representatives of the Anoplocephalidae, i.e. Mathevotaenia herpestis (see Bâ and Marchand 1994d) , Avitellina centripunctata (see Bâ and Marchand 1994b) and Stilesia globipunctata (see Bâ and Marchand 1992b) .
A peculiar observation in S. merops was the occurrence of two types of cross-sections through the crested body containing region: some lacking and others containing a periaxonemal sheath. Our interpretation is that the latter are situated closer to the nucleus, which permits a gradual transition between Regions I and II.
The periaxonemal sheath characterizing regions Ib, II and III of the spermatozoon of S. merops contains electron-dense rods that connect the inner sheath border with the peripheral microtubules. While the presence/absence of a periaxonemal sheath has generally been taken into account earlier, the substructure of the sheath has not always been given the necessary attention in previous publications. This results in some confusion between descriptions, which necessitated re-examination of previously published electron micrographs. Thus, 204 structures with comparable micromorphological appearance that connect the periaxonemal sheath and the sperm periphery have been described as either 'electron-dense rods' in D. undula (see OEwiderski et al. 2000) or as 'transverse cytoplasmic walls' in T. parva (see Ndiaye et al. 2003a ). The latter are distinct from the 'intracytoplasmic walls' observed in A. centripunctata (see Bâ and Marchand 1994b) . In our opinion, the more precise term for substructure similar to the one observed in S. merops periaxonemal sheath is 'electron-dense rods'. These may vary between species in thickness and density as comparisons of the present data with those for D. undula show (see OEwiderski et al. 2000) .
The spermatozoa of some cyclophyllideans have been shown to contain inclusions like glycogen and proteinaceous granules. Glycogen inclusions have been reported in the spermatozoa of A. dentata (see Miquel and Marchand 1998a) , A. delafondi (see Bâ and Marchand 1994a) , M. benedeni (see Bâ and Marchand 1992c) , M. expansa (see OEwiderski 1968, Bâ and Marchand 1992c) , M. americanus (MacKinnon and Burt 1984) , P. omphalodes (see Miquel and Marchand 1998b) , S. taterae (see Bâ et al. 2000) , G. arfaai (Miquel et al. 2004) , Hymenolepis nana (see Bâ and Marchand 1992a) , H. straminea (see Bâ and Marchand 1996) , Vampirolepis microstoma (see Bâ and Marchand 1998) , Echinocotyle dolosa (see Bâ et al. 2002) , D. undula (see OEwiderski et al. 2000) , J. echinorhynchoides and J. pasqualei (see Ndiaye et al. 2003b) . Proteinaceous granules were recorded in the spermatozoa of Thysaniezia ovilla (see Bâ et al. 1991) and Retinometra serrata (see Bâ and Marchand 1993) . Though for the moment the phylogenetic importance of these characters is ambiguous, we believe that the presence or absence of such inclusions should be included in sperm descriptions.
Another observation that may be of importance is the presence/absence of peripheral microtubules in the nucleated area in loci where the nucleus approaches the outer plasma membrane (Region II of the spermatozoon of S. merops).
Taking into account the above considerations, the mature spermatozoon of S. merops may be described as follows: single crested body, microtubules twisted at 30-40°, periaxonemal sheath present, electron-dense rods present, intracytoplasmic walls absent, inclusions absent, no peripheral microtubules where nucleus contacts the external plasma membrane. Divided into four regions. Proximal Region I contains the apical cone, followed by a crested body containing region without periaxonemal sheath and a crested body containing region with periaxonemal sheath. Region II contains the nucleus. Region III contains only periaxonemal sheath. The distal Region IV contains no peripheral microtubules and is characterized by gradual disintegration of the axoneme.
Spermiogenesis
The earlier descriptions of spermiogenesis in cestodes have differentiated between three types (OEwiderski 1986). To that moment, cyclophyllidean spermiogenesis (based on a limited number of descriptions) has been characterized by the growth of a single axoneme directly in the cytoplasmic protrusion. More recently, Bâ and Marchand (1995) differentiated between two types of spermiogenesis occurring in the Cyclophyllidea: Type III (single flagellum growth parallel to the cytoplasmic protrusion and proximodistal fusion between them) and IV (growth of the axoneme directly into the cytoplasmic protrusion). Type III occurs in some Anoplocephalidae and in Nematotaeniidae, Davaineidae, Dipylidiidae, Catenotaeniidae and Taeniidae, and Type IV in some Anoplocephalidae and in Hymenolepididae. The absence of flagellar rotation was considered by Bâ and Marchand (1995) as an apomorphic character for cyclophyllideans. The ultrastructural peculiarities of spermiogenesis considered by Justine (1998 Justine ( , 2001 ) as potential synapomorphies for the Cyclophyllidea are the absence of flagellar rotation, the absence of typical striated roots and the presence of a single axoneme.
More recent data on C. pusilla (see Hidalgo et al. 2000) and T. parva (see Ndiaye et al. 2003a) provided evidence for slight flagellar rotation prior to proximodistal fusion thus questioning the validity of the absence of flagellar rotation as a synapomorphy for cyclophyllideans. Similarly, our data on S. merops imply the presence of a slight flagellar rotation.
Taking into account the putative importance of characters such as the presence/absence of striated roots and intercentriolar body, the spermiogenesis of S. merops may be described as follows: growth of a single axoneme outside of the cytoplasmic protrusion, flagellar rotation prior to proximodistal fusion, absence of striated roots and intercentriolar body. In our material, the presence of microfilaments in association with the centrioles was registered. Though they have no morphological similarity with other cytoskeletal structures in this area such as the striated roots or the vestigial striated roots described in other cestodes (Miquel et al. 2005a) , these microfilaments may be worth mentioning together with other characters in the spermiogenesis of S. merops.
In summary, the spermiogenesis pattern of this species corresponds to the Type III spermiogenesis (Bâ and Marchand 1995) .
Taxonomic and phylogenetic inference
The family Metadilepididae was erected as a subfamily for a group of genera traditionally placed within the family Dilepididae and possessing some common characters with the Paruterinidae (Spasskii 1959) . Later, it was recognized as a distinct family and transferred to the superfamily Paruterinoidea (Spasskaya and Spasskii 1971) . Currently, the Metadilepididae includes 10 genera and about 15 species; all are parasitic in birds, mostly in tropical areas (Kornyushin and Georgiev 1994, Georgiev and Vaucher 2003) . Cladistic analysis based on morphology has shown phylogenetic relationships between the Metadilepididae, Paruterinidae and Taeniidae (see Hoberg et al. 1999) . In view of these taxonomic and phylogenetic issues, it will be interesting to compare the ultrastructural data on the mature spermatozoon and the spermiogenesis of S. merops with those of the families Dilepididae, Parute-205 rinidae and Taeniidae. Unfortunately, there are no spermiological data about representatives of the Paruterinidae.
The spermiological similarities of S. merops with the representatives of the Taeniidae (T. mustelae, T. parva, T. crassiceps) include single crested body, presence of periaxonemal sheath and absence of inclusions. Miquel et al. (2000) , Ndiaye et al. (2003a) and Willms et al. (2004) described the presence of intracytoplasmic walls in T. mustelae, T. parva and T. crassiceps. However, electron micrographs illustrating these species show a similarity with the periaxonemal sheath substructure observed in S. merops. Some discrepancies in terminology describing the way the periaxonemal sheath contacts the sperm periphery have already been noted. Hence it seems likely that the mature sperm of S. merops resembles taeniid spermatozoa regarding this structure. The spermiogenesis pattern (type III, slight flagellar rotation present, striated roots absent) in S. merops and T. parva is similar; the remaining publications on taeniid species do not provide details enabling adequate comparisons of the spermiogenesis.
The mature spermatozoon of the dilepidid cestode species D. undula (see OEwiderski et al. 2000) differs from that of S. merops by the presence of glycogen inclusions. This observation is consistent with the current placement of the two species in different families and the recognition of the Metadilepididae as a distinct family (Spasskii 1959 , Mariaux and Vaucher 1989 , Kornyushin and Georgiev 1994 . Unfortunately, no data on the spermiogenesis of dilepidids have been published. More adequate comparisons will be possible after collecting additional spermiological information on dilepidids.
When comparing the present data with data on other cyclophyllidean families, most similarities are found with the examined representatives of the Catenotaeniidae, C. pusilla (see Hidalgo et al. 2000) and S. lobata (see . These include presence of periaxonemal sheath and absence of inclusions in mature spermatozoa as well as the pattern of spermiogenesis. The difference lies in the number of crested bodies, which are 2 in catenotaeniids. The substantial similarity between the spermatozoa of catenotaeniids and metadilepidids may indicate that these two families are more closely related than previously believed (Hoberg et al. 1999) . This again confirms the need of more detailed and standardized examinations of representatives of cyclophyllidean families and accumulation of data that may be useful for phylogenetic analyses at the family level.
